Pavarotti, the Drosophila MKLP1 ortholog, is a kinesin-like protein that with Tumbleweed 37 (MgcRacGAP) works together as the centralspindlin complex. This complex is essential for 38 cytokinesis where it helps to organize the contractile actomyosin ring at the equator of dividing 39 cells by activating the RhoGEF Pebble. Actomyosin rings also function as the driving force 40 during cell wound repair. We previously showed that Tumbleweed and Pebble are required for 41 the cell wound repair process. Here, we show that Pavarotti also functions during wound repair 42 and confirm that while Pavarotti, Tumbleweed, and Pebble are utilized during this cellular repair, 43 it is not as the conserved centralspindlin complex. Surprisingly, in vitro and in vivo work show 44 that the classically microtubule-associated Pavarotti binds directly to actin and has a non-45 canonical role directly regulating actin dynamics. We show that Pavarotti also works 46 independently from Tumbleweed in several actin-related processes during the normal 47 48 49 Nakamura et al.
developmental process of oogenesis. embryos three different ways: 1) expressing two independent RNAi constructs for pav 140 (HMJ02232 and GL01316) in the female germline using the GAL4-UAS system, 2) using the 141 wimp mutation to generate reduced Pav expression in both the germline and soma (maternal 142 contribution of Pav is reduced in trans-heterozygotes of pav and wimp, referred as reduced pav) 143 (Parkhurst and Ish-Horowicz, 1991), and 3) expressing Pav DEAD , a previously described 144 construct, which has a one amino acid substitution in the ATP binding site and overexpression 145 of which causes dominant-negative phenotypes in vivo (Minestrini et al., 2003; Minestrini et al., 2/22/19 6 2002) . Unfortunately, females with all combinations of maternal-GAL4s and RNAi lines do not 147 produce any eggs. However, reduced pav and Pav DEAD overexpressed by the nanos-GAL4 148 driver (referred to as Pav DEAD ) females produce embryos that can be used to discern Pav 149 function in wound repair. Both reduced pav and Pav DEAD Pav associates with the actin during cell wound repair 181 Kinesin-like proteins associate with MTs and are able to transport cargo proteins to where they 182 are needed (Hirokawa et al., 2009; Lu and Gelfand, 2017; Vale, 2003) , thus Pav may regulate 183 the recruitment of actin regulators other than Rho family GTPases. Indeed, we previously found 184 that injection of colchicine (inhibitor of MT polymerization) into embryos disrupts actin dynamics 185 and wound closure (Abreu-Blanco et al., 2011a) . To examine whether the kinesin motor function 186 of Pav is required for actin dynamics, we wounded embryos co-expressing an actin reporter 187 (sChMCA) and Pav-GFP upon injecting buffer, colchicine, or as a control, latrunculin B (LatB; 188 inhibitor of actin polymerization). While Pav accumulation at the edge of the actin ring is 189 disrupted in colchicine-injected embryos compared with buffer control, Pav is still recruited to 190 wounds and its localization pattern is similar to that of actin ( Fig. 4A Pav, but not Tum, accumulates at the oocyte cortex and reduced pav mutants exhibit 240 premature ooplasmic streaming 241 We next were interested in exploring whether or not this actin-related (centralspindlin-242 independent) function of Pav might be required for other developmental processes. We had 243 indirect evidence that this might be the case in oogenesis, as maternally driven RNAi lines 244 produced embryos for Tum, but none in the case of Pav. Previous studies had also indicated 245 that Pav localized to ring canals (Airoldi et al., 2011; Minestrini et al., 2002) . These actin-rich Tum and Pav localize at the ring canals as these were once sites of cytokinesis, but we were 258 surprised that they showed only partially overlapping localizations. To follow up on this, we next 259 looked at actin ring canal morphology in reduced pav and tum RNAi mutants. Based on their 260 slightly different localizations, we suspected that these proteins were not entirely functioning 261 together as the centralspindlin complex and would display only partially overlapping 262 phenotypes. In comparison to WT ring canals, reduced pav mutants have a slightly disorganized 263 inner actin ring with a broad, detached, and highly disorganized outer ring canal with actin 264 spikes protruding into the cells ( proteins are acting at least partially independently. 270 We were extremely interested in Pav's role at the oocyte cortex as only Pav was enriched at 271 this region and because we and others have previously shown that actin/MT bundling and 272 crosslinking here are essential to prevent premature ooplasmic swirling (Dahlgaard et al., 2007; 273 Liu et al., 2009; Lu et al., 2016; Rosales-Nieves et al., 2006; Wang and Riechmann, 2008) . 274 Since we observed that Pav binds F-actin filaments in vitro (Fig. 5 ), we utilized high resolution 275 microscopy to determine that Pav also localizes to F-actin structures in vivo at the oocyte cortex 276 ( Fig. 7K -M"). In controls, cortical actin is highly organized with one layer of uniformly-sized of 277 spike-like structures ( Fig. 7K", 7N ). Reduced pav mutants exhibit disrupted cortical actin 278 organization resulting in abnormally long actin filaments, actin aggregations within the ooplasm, 279 and disrupted actin mesh ( Fig. 7O-O' ). Intriguingly, tum RNAi oocytes exhibited abnormal 280 cortical actin, albeit less severely than reduced pav, with long actin filaments and separated 281 cortex layers, despite no evidence of specific localization to this region (Fig. 7P ). The actin 2/22/19 10 mesh in these mutant oocytes was similar to that in wildtype ( Fig. 7P') . This subtle phenotype 283 may be indirect and due to the loss of Tum in other parts of the egg chamber. 284 We next looked in both mutant oocyte backgrounds to see if either Pav or Tum was required 285 to prevent premature ooplasmic streaming ( Fig Pav is a kinesin-like protein that, along with the Tum RhoGAP protein, forms the centralspindlin 296 complex that can bundle MTs and move along them during cytokinesis (D'Avino et al., 2015;  297 Green et al., 2012; Pollard and O'Shaughnessy, 2019; White and Glotzer, 2012) . Previously, 298 CHO-1, the mammalian homolog of Pav, was shown to bind actin through a non-conserved 299 protein domain, however the biological relevance of this activity is currently not known 300 (Kuriyama et al., 2002) . Here, we showed that Pav binds directly to F-actin and that actin- Similarly, while the accumulation of actin and myosin at the wound periphery is regulated by 314 Rho family GTPases and required for proper cell wound closure, the means by which they 315 assemble into an actomyosin ring and translocate to close wounds varies between cell wound 316 models (Abreu-Blanco et al., 2014; Burkel et al., 2012) . Xenopus oocytes have been proposed 317 to employ an actin treadmilling mechanism wherein actin is continually polymerized at the 318 interior of the actomyosin ring and depolymerized at the outer edge of the actomyosin ring to 319 promote ring translocation and wound closure (Burkel et al., 2012) . In contrast, the actomyosin 320 ring at the wound periphery in Drosophila syncytial embryos is sensitive to myosin inhibitors and 321 functions as a contractile array (Abreu-Blanco et al., 2014) . We find that Pav localizes at edge of 322 the wound, overlapping with the inner edge of actomyosin ring. Previously, we found that Rho1 for actin alignment, assembly, actin bundling, actin/MT crosslinking, and/or actomyosin ring 328 assembly during this wound repair process. In addition to organizing actin structures, Pav might 329 be involved in maintaining uniform tension around the actomyosin ring or in the generation of 330 contractile forces by sliding bundled actin filaments as non-muscle myosin does. Indeed, 331 MKLP1 has been shown to organize anti-parallel bundled MTs during cell division and then slide 332 these MTs past each other to generate force in the spindle midzone (Mastronarde et al., 1993; 333 Nislow et al., 1992; Sharp et al., 1996) . 334 In addition to cell wound repair, we find that localization patterns and mutant phenotypes of 335 Pav and Tum in egg chambers are not identical. Ring canals, the stable intracellular bridges 336 between germ cells, are composed of two highly organized actin-rich structures-the inner and 337 outer ring canals (Hudson and Cooley, 2002; Ong and Tan, 2010; Robinson et al., 1994; Warn 338 et al., 1985) . As ring canals are the result of incomplete cytokinesis, we expected that Pav and 339 Tum would function together as the centralspindlin complex at these structures. We were 340 surprised to find that while both Pav and Tum were enriched along with actin at inner ring actin, similar to that observed in wash mutants that has also been shown to bundle and 348 crosslink actin/MTs (Liu et al., 2009; Verboon et al., 2018) . In contrast to Pav, the aberrant 349 attachment of the outer ring canal to the inner ring canal in tum mutants is likely indirect since 350 Tum is not enriched at the outer ring canals. One possibility is that Rho1 and/or Rac1 activities 351 are disrupted in tum mutants since we have shown that Tum is necessary to refine Rho1 and 352 Rac1 patterns during cell wound repair (Nakamura et al., 2017) . Interestingly, a recent study 353 found that each protein of the centralspindlin complex in C. elegans has independent roles 354 during germline development: both CYK-4 (RacGAP) and ZEN-4 (kinesin-6) localize to 355 intercellular bridges that are formed by incomplete cytokinesis, whereas CYK-4, but not ZEN-4, 356 is essential for germline development (Lee et al., 2018) . 357 We show that Pav organizes another type of actin structure during oogenesis: the oocyte 358 cortex. Interestingly, Rho1 GTPase, as well as the branched actin nucleation factor Wash and 359 the linear actin nucleation factors Capu (formin) and Spire, are similarly enriched at the oocyte 360 cortex, have been shown to regulate actin and MT organization/crosstalk at the oocyte cortex, 2/22/19 13 and, when mutant, result in premature ooplasmic streaming in stage 7-8 oocytes (Liu et al., 362 2009; Rosales-Nieves et al., 2006; Verboon et al., 2018) . It is striking, but unclear, why so many 363 different actin regulatory proteins are required non-redundantly to regulate actin and/or MT 364 dynamics at the oocyte cortex thereby preventing premature ooplasmic streaming. One 365 possibility is that Pav has a major function in stabilizing the F-actin network by bundling actin or 366 crosslinking F-actin/MTs that have already been polymerized by Wash, Capu, or Spire, since a 367 primary function of these proteins is to nucleate F-actin filaments. Consistent with this, we 368 observed detached actin aggregates within the ooplasm in reduced pav mutants. Another 369 possibility is that Pav might regulate Rho1 activity in this context, thereby disrupting downstream 370 effectors. In contrast to Pav, our results suggest that Tum is not essential for preventing 371 premature ooplasmic streaming, albeit tum mutants exhibit mild actin defects at the oocyte 372 cortex. Premature ooplasmic streaming has been proposed to occur when an actin mesh 373 present in stage 7 oocytes is disrupted such that MTs are free to move past one another 374 (Dahlgaard et al., 2007; Lu et al., 2016; Wang and Riechmann, 2008) . Consistent with this 375 model, the actin mesh in reduced pav mutant oocytes is disrupted, whereas the actin mesh in 376 tum mutant oocytes is indistinguishable from that of wild type. Since Tum is not enriched at the 377 oocyte cortex, the mild cortical actin disruption we observe might be an indirect effect. 378 In summary, we show an unexpected actin-dependent function for the kinesin-like protein 379 Pav during cell wound repair and oogenesis, suggesting that Pav can change modes between 380 primarily actin-or primarily MT-dependent functions in vivo. We have shown that Tum presence 381 is not the switch that distinguishes between these two modes of action. As we find that Pav and 382 Tum form both overlapping and independent complexes, identification of other complex 383 members is a future priority in order to understand the molecular basis of this switch, as well as 384 how widespread these non-canonical functions are. 385 Flies are cultured and crossed at 25ºC on yeast-cornmeal-molasses-malt medium. All fly stocks 390 were treated with tetracycline, then tested by PCR to ensure that they did not harbor Wolbachia. 391 The following stocks were used: OregonR (wild type), sGMCA (Kiehart et al., 2000) , sChMCA Pharmacological inhibitors and antibodies were injected from the dorsal side into the center of 423 NC4-6 staged Drosophila embryos, and laser wounding was performed 5 min post-injection. 424 The following inhibitors were used: Latrunculin B (0.5 mM; EMD); colchicine (25 mM; Sigma-425 Aldrich). Colchicine was prepared in injection buffer (5 mM KCl, 0.1 mM NaP pH6.8). 
